A Geographic Information System (GIS) and fuzzy modelling were used to develop a habitat suitability index for the noble crayfish, Astacus astacus. The model is based on crayfish distribution data for the federal state Hesse, Germany, which had been recorded between 1988 and 1996. It includes 185 sites with noble crayfish in 126 watercourses. Official data on the morphological quality of surface waters recorded between 1996 and 1998 by order of the Ministry of Hesse for Environment, Rural Areas and Consumers Protection was used to describe the habitat features. One third of the crayfish sites was selected by chance to determine habitat properties significantly associated with crayfish occurrence by means of the Kolmogorov-Smirnoff test and frequency analysis. Meaningless associations were excluded based on expert knowledge. Five parameters related to the structure of the riverbed and the bankside were incorporated in the fuzzy model. The model was complemented by a number of parameters known to exclude the occurrence of the noble crayfish (e.g. pipes, concrete embankments). Finally, a habitat suitability index for every stretch of water in Hesse was calculated. The predictive power of the fuzzy model was tested on the remaining distribution data set for Astacus astacus. The habitat suitability index differed slightly but significantly (p < 0.001) between sites with and sites without crayfish occurrence. Fuzzy modelling proved to be useful for assessing habitat suitability with respect to crayfish, though further improvements of the model appeared to be necessary for a more reliable prediction of noble crayfish sites.
INTRODUCTION
Until the end of the 19 th century the noble crayfish Astacus astacus was widely distributed in Central Europe and an important economical factor for the fishery in Germany (BLANKE, 1998) . During the twentieth century stocks of European indigenous crayfish species were diminished by the crayfish plague, competition with introduced non-indigenous crayfish species and habitat deterioration (BLANKE, 1998; MEINEL and MOCK, 2001) . Relict populations of the noble crayfish are protected by European and German conservation laws (BLANKE, 1998; VIGNEUX et al., 2002) . Due to an increasing interest in indigenous crayfish, a number of conservation and restocking measures are conducted in Germany.
Four different crayfish species, the two indigenous species Astacus astacus and Austropotamobius torrentium and the two non-indigenous species Orconectes limosus and Pacifastacus leniusculus were found in the German federal state Hesse with an area of 21,114 km 2 (MEINEL and MOCK, 2001) . Astacus astacus is still the most frequent crayfish species with more than 200 recorded populations. Hesse is therefore the federal state with the highest density of known noble crayfish populations in Germany (SCHULZ, 2000) . This situation is probably determined by a relatively good condition of many water bodies in Hesse and a still restricted distribution of non-indigenous crayfish species.
The noble crayfish is assumed to be a bioindicator for a reasonable chemical, yet good structural quality of streams and lakes. This species is mostly found in waters with low trophic level (SKURDAL and TAUGBØL, 1994) and a natural or semi-natural structure of the riverbed and bank (BOHL, 1989; TREFZ and GROß, 1996; BLANKE, 1998; BOHL, KELLER and OIDTMANN, 2001 ). According to findings by SKURDAL et al. (1988) , BOHL (1989) , BLANKE (1998) , ENGLUND and KRUPA (2000) and BROQUET, THIBAULT and NEVEU (2002) , structural diversity of the habitat is essential to support a viable population. For example, during its life cycle the noble crayfish is dependent on a broad variation of depths and substrate types (TREFZ and GROß, 1996; BLANKE, 1998) . SMITH et al. (1996) emphasized the importance of vertical banks, tree roots, macrophytes and bankside vegetation for the occurrence of Austropotamobius pallipes populations in streams. Furthermore, land-use patterns in the surrounding of lakes and rivers are potential factors influencing the distribution of crayfish stocks (BOHL, 1989; SCHULZ, SMIETANA and SCHULZ, 2002) .
With regard to the federal state Hesse, structural characteristics of all rivers and streams have been assessed from 1996 to 1998 and described in qualitative expressions (BLANK et al., 2000) . Although extensive information is available in a digitised format ready to use in a Geographic Information System (GIS), it has not yet been exploited to describe the stream habitat quality for aquatic species. Semi-quantitative and qualitative descriptions are not suited for an exact ecological model. Furthermore, a certain amount of impreciseness and subjectivity is inherent in classifications of real ecological phenomena. A number of authors propose the use of fuzzy logic for ecological modelling (BOSSERMAN and RAGADE, 1982; SALSKI, 1992; SCHULTZ and WIELAND, 1995; WIELAND, LUTZE and HOFFMANN, 1996; WIELAND, 1997; LUTZE, WIELAND and SCHULTZ, 1999) . Fuzzy logic is able to cope with the properties of the existing data. For this reason, its application seems to be best suited for modelling the habitat quality in the present case. WIELAND (1995) and WIELAND (1997) provide good examples for using fuzzy elements in habitat modelling describing the habitat suitability with regard to the barn owl Tyto alba and the great bustard Otis tarda. These studies indicate the broad range of applications of this method due to its ability to imitate human decision-making.
In the fuzzy set theory nothing is evaluated as really precise. It takes into account a degree of uncertainty in estimations and measurements, which humans can include in their decision process, but machines or computers cannot. Human decision-making is fuzzy, and fuzzy-logic tries to imitate it to produce more human-like results requiring less information (BOSSERMAN and RAGADE, 1982; SALSKI, 1992; TRAEGER, 1994; PIEGAT, 2001 ). In classical set theory an element either belongs to a set or it does not. The membership to a set can only be 1 or 0. According to the fuzzy set theory an element can also be a member of a set to a certain degree and memberships can take values within the interval [0,1] (BOSSERMAN and RAGADE, 1982; SALSKI, 1992) . The membership functions of these fuzzy sets are mostly shaped as triangles (Figure 1 ). Each of them represents a qualitative expression, a linguistic term like "good" or "low". A fuzzy set A is a set of pairs: A = {(µ A (x),x)}, ∀x ε X where µ A is the membership function of the fuzzy set A, which assigns to each precise element x ∈ X the grade of its membership (PIEGAT, 2001) . The procedure of the assignment of crisp input values to one or more fuzzy sets is called fuzzification. In a fuzzy model three steps are included: fuzzification, inference and defuzzification ( Figure 2) (SALSKI, 1992; TRAEGER, 1994; PIEGAT, 2001) . By fuzzification the input values are transformed into memberships of fuzzy sets, which represent linguistic variables (Figure 1 ). In the process of inference the fuzzy sets are combined by logical, linguistic rules of the form: IF premise 1 AND premise 2 THEN conclusion, both premise and conclusion symbolizing fuzzy sets. An excerpt of the rules related to crayfish habitat quality could be: IF "occurrence of shelters" = "high" AND "diversity of depth" = "low" THEN "habitat quality" = "medium". In a fuzzy model many such rules are implemented. Their number increases exponentially with the number of inputs and the number of fuzzy sets. Therefore, it is preferable to use as few and simple input variables as possible (SALSKI, 1992; PIEGAT, 2001) . If a rule is fulfilled, an activation grade for the rule conclusion is calculated, and the conclusion's membership function is modified by restricting it to a maximum equal to the activation grade. In a final step of the inference the modified membership functions of the activated conclusions are aggregated into one resulting membership function (Figure 2) . There are several possible inference mechanisms, for example MIN/MAX or MAX/PROD (for details see PIEGAT, 2001 ). Finally, a crisp, numeric output value is generated by the defuzzification step, which is again accomplished by one out of several mechanisms, for example "centre of gravity" or "height method" (details in PIEGAT, 2001) . The aim of this study is to develop a habitat suitability index for the noble crayfish Astacus astacus using fuzzy modelling. The existing database on structural stream characteristics of Hesse provided the model basis. A fuzzy model was set up to calculate the habitat suitability and produce a map of the resulting values of each stretch of the water net. This map could give hints about unknown crayfish populations, indicate appropriate habitats for restocking measures and be a support in the assessment of the consequences of river construction work, also in the context of the European Water Framework Directive.
MATERIAL AND METHODS

Data on stream structure
The structural characteristics of all rivers and streams in Hesse were examined between 1996 and 1998 by order of the Ministry of Hesse for Environment, Rural Areas and Consumers Protection (former Ministry of Hesse for Environment, Agriculture and Forestry) (BLANK et al., 2000) . Assessed streams and rivers of a total length of 21,800 km were divided into 218,414 survey sections of 100 m each. Altogether 25 basic structural parameters were recorded in the field for each section. Assessed parameters do not only include morphological conditions but also take into account bankside features, riparian vegetation and land-use. Most parameters were classified using qualitative and linguistic terms. These represent the frequency or proportion of a certain feature or simply the presence of a specific property and were transformed into numbers for the use in GIS. In the normal process of stream evaluation these parameters are used to describe the structural quality of a specific stretch by a comparison with reference types representing natural or near natural conditions. For this study the coded basic parameters were utilized.
Crayfish data
The inventory of crayfish stocks in Hesse was performed by MEINEL and MOCK (2001) over a period of eight years from 1988 to 1996. It was based on questionnaires filled in by managers, fishers and anglers and on presence and absence data recorded by night viewing and trapping. Results were published in print format (scale 1: 1100,000), and they were digitised for the use in the present study. A total of 185 noble crayfish populations could be assigned to specific stretches of the digital water net with reasonable certainty by using a GIS. Due to a certain degree of inaccuracy inherent in this procedure and due to missing information on the geographical expansion of each stock, a buffer with a radius of 300 metres was set up around the selected stretches. The stretches within these buffers belonging to the same stream were also counted as noble crayfish sites. All remaining watercourses in Hesse were evaluated as lacking noble crayfish populations.
The statistical analysis
Significant parameters for the occurrence of noble crayfish stocks were identified by comparing river stretches with known stocks and river stretches without known stocks. Therefore, one third of the inhabited stretches (n = 410) was chosen by chance and compared with all uninhabited stretches (n = 217,173) using a non-parametric Kolmogorov-Smirnoff test and a frequency analysis. From the initial set of significant parameters (p < 0.05) five parameters were selected to derive the fuzzy model: depth diversity, bank vegetation, special bank structures, land-use as meadows, and buffer strips. The final selection was based on assumed habitat requirements according to observations and studies by BOHL (1989) , SMITH et al. (1996) , BLANKE (1998), and SCHULZ (2000) and interpretable differences in the frequency analysis (Table I) . For the parameters land-use (meadows) and buffer strips the mean value of both banks was used. Regarding the feature special bank structures values of the right and left differed only in 6% of the stretches and thus allowed to include only the values of the left bank as simplification.
The fuzzy model
The fuzzy model of the noble crayfish habitat quality was set up using five parameters, which are fuzzified by 2 or 3 fuzzy sets, symbolizing the linguistic terms "low", "medium", and "high". The inference block is composed of 70 rules. These rules were designed according to the results of the statistical analysis and the habitat requirements mentioned in the literature (see discussion). The mechanism used for inference was the PROD/MAX method. The conclusions of the rules are in this case not fuzzy sets but single values, called singletons. The rules were able to activate 11 of them in the interval [0.0,1.0]. Defuzzification resulting in the habitat suitability index was accomplished by the height method, also known as singleton method, which is easy to calculate and produces accurate results (PIEGAT, 2001) . Furthermore, exclusion criteria were implemented in the model. These are parameters or specific values of parameters, which exclude the occurrence of crayfish stocks (Table II) . The selection of these criteria was performed based on publications by BOHL (1989) , TREFZ and GROß (1996) and BLANKE (1998). In addition, only those parameters or values were selected which appeared in less than 4% of the statistically analysed crayfish sites (Table II) . If a stretch of a stream or river featured one of these exclusion criteria the habitat suitability index was set to zero. The complete model was programmed with the computer language C and was run for each stretch of the water net in Hesse.
RESULTS
Selection of significant structural parameters
The Kolmogorov-Smirnoff test showed significant associations between crayfish occurrence and some structural parameters, though the differences of the frequencies for specific values between stretches inhabited and those not inhabited by noble crayfish were not obvious for all of them. Table I shows the frequencies of the coded values for the five parameters selected for the model. Regarding the parameters depth diversity (P1) and special bank structures (P3), increasing coded values represent a decreasing diversity and a decreasing amount of special structures. Regarding the parameter bank vegetation (P2), the coded values indicate deviation from natural conditions. The parameters landuse type meadows and buffer strips were quantified according to their proportion. The coded value 0 was assigned to stretches of water in which the respective parameter was not evaluated. In comparison to no-noble crayfish stretches the percentage of medium values increased in case of the parameters depth diversity (P1), bank vegetation (P2) and special bank structures (P3) when Astacus astacus was present, whereas the proportion of high values representing disturbed conditions decreased. Low values representing almost natural conditions were in some cases even more frequent at stretches without noble crayfish. For the parameters P4 and P5, representing the proportion of meadows and buffer strips (e.g. 3 corresponds to > 50%), a significant preference for these factors by Astacus astacus was recognizable (Table I shows only the values of the right bank). Table II presents the frequency of noble crayfish sites featuring structural characteristics, which had been selected as exclusion criteria causing a habitat suitability of 0.
Habitat suitability index
As expected, the fuzzy model produced outputs in the interval [0.0,1.0] for every stretch of water in Hesse. Results for stretches without known stocks of Astacus astacus are depicted in a histogram in Figure 3 . Figure 4 shows the habitat suitability indices of the crayfish sites except those included in the preceding statistical analysis to set up the model (n = 832). It becomes obvious that in both cases the proportion of the suitability index value zero was rather high and occurred at 31.1% of all stretches of water in Hesse, though slightly less frequent at noble crayfish sites with 17.6%. Excluding the value zero, the most frequent habitat suitabilities occurred around 0.8 at no-noble crayfish and around 0.85 at noble crayfish stretches, showing that mostly high suitability indices were calculated by the model, whereas low values around 0.1 were almost not present. Generally, a slight tendency to higher values was observed in streams inhabited by Astacus astacus. However, using a T-test to compare the results except the value zero a significant difference was detected between stretches with and without known crayfish stocks (p < 0.001). If zero values are excluded from the analysis, then 90% of the noble crayfish stretches were classified by a habitat suitability index > 0.56, while this index was only exceeded in 78.6% of the no-noble crayfish sites. The results of the model could be implemented in the digital water net of a GIS. Thus it was possible to generate a map of rivers and streams in Hesse, which displayed the assigned habitat suitability for the noble crayfish of every stretch of water and thus made suitable and not suitable sites visible.
DISCUSSION
Although the comparison of stretches with known noble crayfish occurrence and sites with assumed absence of the noble crayfish revealed significant differences in a number of parameters, most of these differences could hardly be interpreted as a habitat preference. The selection of parameters to be included in the habitat suitability model was finally based on expert knowledge. SKURDAL et al. (1988) , BOHL (1989) , TREFZ and GROß (1996) , BLANKE (1998) and BOHL, KELLER and OIDTMANN (2001) highlighted the significance of the structural quality of waters in respect of the occurrence of A. astacus. Depth diversity is a main characteristic of crayfish habitats and may be essential because of age specific preferences (SKURDAL et al., 1988; BOHL, 1989; BLANKE, 1998; ENGLUND and KRUPA, 2000) . The riparian vegetation is on the one hand important as a food source. On the other hand, the extension of roots into the water provides protection in time of high (SMITH et al., 1996) . Special bank structures like overhanging boughs and undercuttings of the bank increase the diversity of the habitats with positive effects on crayfish occurrence (SKURDAL et al., 1988; SMITH et al., 1996; BLANKE, 1998; BOHL, KELLER and OIDTMANN, 2001; BROQUET, THIBAULT and NEVEU, 2002) . Studies by BOHL (1989) and SCHULZ (2000) indicate the positive effect of the land-use types forest and meadows. Finally, buffer strips increase the structural diversity of the banks, could provide shade and might act as a filter for nutrients and pesticides (BOHL, 1989; SMITH et al., 1996; BLANKE, 1998) .
The results of the present habitat suitability model do not indicate an obvious structural difference between crayfish and non-crayfish sites. As can be seen for individual parameters, inhabited stretches revealed only a slight tendency towards better habitat suitability values, which are also the most frequently calculated results. A causal explanation of this observation is hampered by potential impreciseness in the localisation of the crayfish sites. During the inventory of crayfish sites in Hesse, crayfish distribution was not matched to the mapping system used for the structural assessment of waters. MEINEL and MOCK (2001) presented the crayfish distribution as point data. Due to missing data on the geographical expansion of each stock, an exact allocation of crayfish sites to individual stretches of streams was not possible in the present study. As an alternative approach, all stretches of the same stream within a range of 300 m around the data point representing the crayfish site were defined as inhabited. This approach inevitably resulted in a certain frequency of falsely classified stretches. An exact localisation is needed to derive reliable conclusions on the habitat preference of the noble crayfish. However, the present study indicates that Astacus astacus can potentially inhabit streams and rivers in a broad range of physical structures. The distribution of the noble crayfish might be additionally or predominantly affected by factors not included in the present habitat suitability model. Furthermore, the colonisation of suitable habitats is inhibited due to a strong fragmentation. In contrast, NAURA and ROBINSON (1998) demonstrated that the occurrence of the European white-clawed crayfish (Austropotamobius pallipes) in Britain could be predicted from map derived information as well as from data on the stream structure. The authors used a logistic regression on variables of the River Habitat Survey (RHS), a comprehensive database of the physical structure of British rivers including more than 100 environmental variables (RAVEN et al., 1998) . A first model contained 10 variables relating to channel vegetation, bank and channel structure. A second model was set up using 11 variables relating to bank and channel structure and additionally to tree features. Predictions of crayfish presence and absence were significant for both models, in which the ability of predicting crayfish presence was higher than of predicting crayfish absence. However, the average distance between RHS sites, where data on the physical structure was available, and crayfish sites was 1.7 km and therefore definitely higher than in the present study. It is questionable whether RHS sites represent the physical structure of the crayfish sites.
Fuzzy logic was first assumed to be useful for ecological modelling in the 1980s (BOSSERMAN and RAGADE, 1982) and especially in the 1990s (SALSKI, 1992) . At that time it was also applied to habitat modelling. SCHULTZ and WIELAND (1995) did not use a complete fuzzy model, but based calculations on logical combinations of fuzzy sets . WIELAND (1997) described an application of fuzzy logic using a complete model to calculate the habitat suitability, and LUTZE, WIELAND and SCHULTZ (1999) even used data from a GIS for modelling. But they did not apply their approaches to aquatic organisms. Their general conclusion was that fuzzy logic was a very helpful method for habitat modelling. This point of view is confirmed by the present study, because the model itself and its mechanism work quite well. The results reflect exactly the difference between stretches inhabited and those not inhabited by noble crayfish, which is already inherent in the data on structural characteristics.
CONCLUSION
For the conservation of European indigenous crayfish species like Astacus astacus the preservation of suitable habitats is vital. A habitat suitability index based on fuzzy modelling is a useful tool in this process, helping to plan and perform habitat restorations and restocking measures. The present study shows that fuzzy modelling is an adequate method to achieve a habitat suitability index for indigenous crayfish species. But it also reveals the necessity of spatially exact data as input, which can be correctly localised and evaluated. Further improvements of the model are possible by including additional parameters representing the anthropogenic impact, the impact of non-indigenous crayfish species and crayfish plague. A combination of fuzzy modelling and neural networks is also a considerable possibility to produce more reliable results, though generally the way presented here is adequate to predict crayfish occurrences or suitable habitats.
